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Hybrid Cycle Combustion Engine and Methods 



CROSS-REFERENCE TO RELATED APPLICATION 

[0001] This application claim s the priority and benefits of U.S. Provisional Application Serial No. 
60/535,891, filed on January 12, 2004, the entire disclosure of which being hereby incorporated by 
reference. 

5 FIELD OF THE INVENTION 

[0002] The present invention relates generally to internal combustion engines, and, more 
particularly, to four-stroke variable-volume internal combustion engines and related methods. 

BACKGROUND OF THE INVENTION 
[0003] A variety of conventional internal combustion engines ("ICE") known in the art, in spite 

10 of almost 150 years of development, still suffer from low efficiency, high levels of harmful exhausts, 
and load-dependent performance, among other shortcomings. The efficiency of heat engines is 
generally low due, at least in part, to theoretical thermodynamic limitations of ideal cycles, as well as 
additional energy losses due to deviations from ideal cycles and friction between moving parts. 
Typically, only up to about 30% of the chemical energy of the fuel is converted into useful work. 

15 About 40% is removed as heat by cooling water, while the remaining 30% is lost with exhaust gases. 

[0004] In addition, various gases, harmful for the environment and humans, such as unburned 
fuel, NOx and others are formed as a byproduct of engine operation, mainly due to a very limited 
ability to control the combustion process. Further, the efficiency of heat engines is optimked for a 
narrow range of power loads. In reality, these engines seldom operate in these optimal ranges, thus 
20 operating efficiency is reduced. 

[0005] The LPPE engine, disclosed in international application No. PCT/US03/05749 filed on 
February 26, 2003 (International Publication Number W0 03/074840), incorporated herein by 
reference, while having a number of important advantages, may have few disadvantages, such as 
large amount of water that has to be pushed during each cycle and need for computer control 



WO 2005/071230 



PCT7US2005/000932 



-2- 

S UMMARY OF THE INVENTION 
[0006] Various embodiments of the present invention, which implement a Hybrid Cycle 
Combustion Engine (HCCE) and related methods, offer solutions to some of the problems inherent 
in prior art approaches. 

[0007] In general, in one aspect, the invention is directed to an improved method for operating an 
internal combustion engine of the four-stroke variable volume type that has a compression stroke 
for compressing a working medium and a power stroke. An important feature of this aspect of the 
invention includes refraining from introducing substantial amount of fuel into the working medium 
during the compression stroke until substantially maximum pressure of the working medium has 
been reached. Various embodiments of this aspect of the invention include the step of causing the 
compression stroke to produce a pressure of the working medium that would cause auto-ignition 
when fuel is added to it In addition, some embodiments of this aspect of the invention include at 
least one of the following steps: 

(a) causing combustion of fuel under substantially constant volume conditions; and 

(b) causing the power stroke to provide a larger volume to combustion products than the 
compression stroke provides to the working medium. In further related embodiments, both 
processes (a) and (b) are utilized. Optionally, the power stroke is implemented with a non- 
reciprocating member, such as a "recip-rotating" piston (as that term is defined below). Also 
optionally the compression stroke is implemented with a non-reciprocating member, such as a recip- 
rotating piston. 

[0008] Generally, in another aspect, the invention features an internal combustion engine that 
includes: 

(a) a first housing at least partially defining a compression chamber for reducing volume of a 
working medium introduced thereto; 

(b) a second housing at least partially disposed within the first housing and defining at least 
one combustion chamber in periodic communication with the compression chamber for 
receiving the working medium therefrom; 

(c) a means for introducing a fuel medium into the com bustion chamber; and 

(d) a third housing at least partially defining an expander chamber in periodic 
communication with the combustion chamber for increasing volume of by-products 
generated during combustion of the fuel medium mixed with the working medium in the 
combustion chamber. 
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[0009] Optionally, the engine has a first movable member at least partially disposed within the 
compression chamber for directing the working medium into die combustion chamber. The first 
movable member may define at least two subchambers within the compression chamber, the 
subchambers characterized by a variable volume. The first movable member may optionally be a 
5 rotatable piston, a reciprocal piston, or a redp-rotating piston. Also optionally, at least one of the 
second housing and the first movable member has a means for controllably sealing the combustion 
chamber, such as, for example, a fluidic diode. 

[0010] In related embodiments, the engine includes a means for introducing a fluid medium into 
at least one of the compression chamber, the combustion chamber, and the expander chamber. 
10 Optionally, the engine includes a heat exchanger for recovering the fluid medium from the expander 
chamber and for increasing heat of combustion of the fuel medium prior to introduction thereof to 
the combustion chamber. 

[0011] Alternatively or additionally, the engine includes a second movable member disposed at 
least partially within the expander chamber, the second movable member reacting against the 
15 combustion by-products entering from the combustion chamber. As in the case of the first 

moveable member, the second movable member may define at least two subchambers within the 
expander chamber, the subchambers characterized by a variable volume. The second movable 
member may optionally be a rotatable piston, a reciprocal piston, or a recip-rotating piston. 

[0012] In further related embodiments, the second housing is rotatable in relation to at least one 
20 of the first housing and the third housing. The first housing and the third housing may optionally be 
a unitary housing structure. Similarly the compression chamber and the expander chamber may be 
implemented as a single chamber characterized by a variable volume. 

[0013] Generally, in yet another aspect, there is provided an internal combustion engine that 
includes: 

25 (a) a first housing at least partially defining a compression chamber for reducing volume of a 

working medium introduced thereto; 

(b) a first movable member at least partially disposed within the compression chamber for 
directing the working medium into the combustion chamber; 

(c) a second housing at least partially disposed within the first housing and defining at least 
30 one combustion chamber in periodic communication with the compression chamber for 

receiving the working medium therefrom; 

(d) a means for introducing a fuel medium into the combustion chamber, 
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(e) a third housing a t least partially defining an expander chamber in periodic 
communication with the combustion chamber for increasing volume of by-products 
generated d uring combustion of the fuel medium mixed with the working medium in the 
combustion chamber; and 

(f) a second movable member disposed at least partially within the expander chamber, the 
second movable member reacting against the by-products entering from the expander 
chamber, at least one the first housing, the second housing, the first movable member 
and the second movable member defines at least one fluidic diode for controllably 
sealing at least one of the compression chamber, combustion chamber, and the expander 
chamber. 

[0014] In various embodiments of this aspect of the invention, the engine includes a sealing fluid 
unidirectionally movable through the at least one fluidic diode 

[0015] In yet another aspect of the invention, there is provided a structure having a controllably 
sealable chamber. The structure includes a housing member having an interior surface defining the 
chamber; and an inner member at least partially disposed within the chamber, the inner member 
having an outer surface and, at least one of the housing member and the inner member being 
movable such that the housing member and the inner member are movable relative to each other in 
such as way that at least a first portion of the outer surface of the inner member is disposable 
proximate to a first portion of the interior surface, at least one of the first portion of the outer 
surface of the inner member and the first portion of the interior surface of the housing member 
defining at least one fluidic diode. A sealing fluid unidirectionally movable through the at least one 
fluidic diode may optionally be provided. 

[0016] In still another aspect, in general, the invention features a method for energy conversion 
that includes the steps of: 

(a) introducing a working medium into a compression chamber characterized by a first 
volume value; 

(b) controllably reducing the volume of the working medium to a second volume value 
thereby compressing the working medium; 

(c) combining a fuel medium with the compressed working medium thereby obtaining a 
combustible mixture of the fuel medium and the compressed working medium, the 
mixture characterized by a third volume value; 

(d) combusting the mixture to produce a volume of combustion by-products; and 
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(e) maintaining the volum e of combustion by-products generated during combustion of the 
mixture at or below the third volume value. 

[0017] Optionally, the method according to this aspect of the invention includes the step of 
increasing the volume of the combustion by-products to a fourth volume value, the fourth volume 
value exceeding the first volume value; the step of increasing the volume of the combustion by- 
products optionally including transferring the combustion by-products to an expansion chamber 
characterized by the fourth volume value. 

[0018] The working medium may be air or a noncombustible mix ture of air and fuel medium. 
Optionally, the temperature of the working medium may be adjusted so that the working medium is 
compressed substantially isothermally. Also optionally, there may be added a fluid medium, such as 
water, to the working medium during compression. The method may be implemented to include 
reducing temperature of the combustion by-products while increasing heat of combustion of the 
fuel medium prior to combining thereof with the compressed working medium. 

[0019] In further related embodiments, the second volume value equals the third volume value, 
and controllably reducing the volume of the working medium may include transferring the working 
medium to a combustion chamber characterized by the third volume value. Alternatively or in 
addition, combusting the mixture may include igniting the mixture of the fuel medium and the 
compressed working medium. Optionally, maintaining the volume of combustion by-products may 
include adding a fluid medium to the mix ture. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
[0020] In the drawings, like reference characters generally refer to the same parts throughout the 
different views. Also, the drawings are not necessarily to scale, emphasis instead generally being 
placed upon illustrating the principles of the invention. In the following description, various 
embodiments of the present invention are described with reference to the following drawings, in 
which: 

Figure 1 is pressure/volume diagrams for a typical Otto cycle, shown in dashed lines, as well 
as for an engine using an HCCE, shown in solid lines; 

Figure 2 is a block-diagram of a HCCE, according to various embodiments of the invention; 
Figure 3 is a liquid-piston implementation of the High Efficiency Hybrid Cycle (HEHC); 
Figure 4 is a comparison of energy distribution within conventional ICE and HCCE; 
Figure 5 shows more detailed energy balance sheet for HCCE; 

Figure 6 depicts a liquid-piston based HCCE in which combustion chambers are integrated 
with cylinders; 

Figures 7 and 8 depicts a liquid-piston based HCCE with standalone combustion chambers; 

Figure 9 depict combustion chamber / exhaust / intake valve of the HCCR according to 
one embodiment of the invention; 

Figure 10 depicts details of operation of the liquid-piston based HCCE with standalone 
combustion chambers; 

Figure 11 depicts an exemplary modification of the liquid-piston based HCCE with 
standalone combustion chambers; 

Figures 12 -20 depict various embodiments of the HCCE in which the amount of liquid can 
be made arbitrarily small; 

Figures 21-26 provide construction details and explain principles of operation of a large- 
angle oscillating piston design of HCCE according to some embodiments of the invention; 

Figure 27 depicts an embodiment of the large-angle oscillating piston design of HCCE. 

Figures 28-33 provide construction details and illustrate principles of operation of a 
particular embodiment of the HCCE based on constant width piston design. 

Figure 34 depicts various embodiments of the design based on constant width piston of 
Figures 28-33; 

Figure 35 is a different potential application for the modified Reuleaux triangle shaped 

piston; 
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Figures 36-40 provide construction details and illustrate principles of operation of an 
embodiment of the HCCE based on constant width chamber design; 

Figure 41 depicts still another embodiment of the HCCE based on scissor pistons design; 

Figure 42 shows the sequence of positions of pistons undergoing four HEHC strokes; 

Figure 43 is demonstration of application of fluidic diode concept in dynamic sealing 
applications; 

Figure 44 shows details of various types of Fluidic Diode Seals (FDS), channels of which 
could be filled with liquid; and 

Figure 45 shows how FDS can be applied toward sealing of standalone combustion 
chambers in various embodiments of HCCE. 
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DETAILED DESCRIPTION 
[0021] Definitions. For purposes of this description and the claims of this application, the following 
terms shall have the indicated meanings unless the context clearly requires otherwise: 

'Working medium" is a gaseous mixture that consists essentially of air or includes a 
fiiel/air mixture that is not capable of auto-ignition. 

<< Redp-rotating" is a type of motion of a piston that includes rotation of the piston 
alternately around two axes of rotation, while simultaneously reciprocating as a whole. 

"Sealing fluid" is a fluid that includes water, lubricating oil, cooling liquid, refrigerant, 
or any other liquid suitable for sealing purposes. 

"Substantially isothermal compression (or expansion)" is the process of compressing 
or expanding gas or gas/steam mixture during which the temperature of the mixture remains 
substantially constant 

"Piston's motion" is a motion of compressor's and the expander's pistons, which, 
depending upon specific implementation, may include complex motion, such as non- 
uniform rotation, reciprocation, oscillation or recip-rotation. 

"Combustion products (or by-products)" are products of combustion of fuel, 
containing water vapor formed in a course of combustion and, optionally, water vapor from 
the additionally introduced water. 

"Low pressure insertion mechanism" is a mechanism for introducing water and/ or 
fuel into the combustion chamber by rotating a shaft containing cavities filled with a water 
and/or fuel into the combustion chamber or, conversely, rotating the combustion chamber 
into a stationary cavity filled with fuel and/ or water. 

"Introduced water or fuel" - water or fuel injected or introduced by means of the 
low-pressure insertion mechanism. 

"Scissors" or "cat & mouse" is a piston configuration in which piston rotating in one 
direction momentarily approaches another piston rotating in the same sense and then 
retracts from this second piston due to difference in angular speeds. 

*TGM" - a Power Generating Module 

<C PCM" - a Power Conversion Module 

"ERS" - an optional Energy Recovery System 

'Tluidic Diode Seal" fTDS") is a seal formed between two bodies in collinear 
motion with respect to each other, when one or both of these bodies have features that 
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create locally high pressure for flow moving in one direction (leakage flow), such a feature 
would act as a dynamic seal with potential to substantially decrease or eliminate the leakage. 

'Hybrid Cycle Combustion Engine" ("HCCE") is an internal combustion engine 
implemented in accordance with various embodiments of the invention and operating in 
5 accordance with a thermodynamic cycle diagram shown in Figure 1. 

Generalised Structure of an HCCE Engine in accordance with embodiments herein 

[0022] There are many different types of engines, operating in accordance with various 
thermodynamic cycles, and an even greater number of modifications within each type. These 
different types exist because each offers certain advantages over others. For example, while Diesel 

10 cycle engines are somewhat inferior in terms of efficiency to Otto cycle engines (which we 
sometimes call herein "four-stroke" engines, and the strokes as "intake", "compression", 
"expansion", and "exhaust") when both operate at the same compression ratio, the Diesel engine 
normally runs at higher compression ratios and it becomes more efficient than the Otto engine. 
Ericsson cycle engines as well as Stirling cycle engines are superior to Otto cycle engines because 

15 they allow part of the exhaust energy to be recovered, but these engines are very cumbersome (and 
therefore expensive) to build and maintain. At the same time, Rankin e cycle steam engines offer 
some advantages over internal combustions engines, but are very large and slow. 

[0023] A principal idea underpinning embodiments described in this application is a new, 
significantly improved thermodynamic cycle, referred to as the 'High Efficiency Hybrid Cycle' 
20 (HEHC). This new cycle combines the best features of several known cycles. Several 

implementations of this new cycle are presented. Engines that implement this new cycle exhibit 
higher thermodynamic efficiency as well as mechanical efficiency (with overall efficiency of 50% - 
60%), are economical to produce and maintain, and pollute less than engines utilizing other cycles. 

[0024] The work performed, and, therefore, efficiency of a given cycle, is equal to the area 
25 delineated by a pressure/volume (PV) diagram. Figure 1 depicts a PV diagram for a typical Otto 
cycle, shown in dashed lines, as well as for an engine using an HEHC, shown in solid lines. Thus to 
increase efficiency, embodiments presented herein increase the area in the PV diagram by 
"stretching" the delineating curves for the Otto cycle, which has some of the highest theoretical 
efficiencies. See, for example, 'TEngineering Thermodynamics with Applications" by M. David 
30 Burghardt, p. 353, incorporated herein by reference. Referring to Figure 1, the Otto cycle starts at 
point 1, which is characterized by the intake volume of the engine and ambient pressure ~ 1 
atm. We now identify features of the HEHC, which may be implemented to increase the area 
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defined by the PV diagram, and, therefore, the efficiency of the engine. Of course, implementing 
any one of these features will increase efficiency; and implementing more of these features will 
further increase efficiency. In other words, not all features need be implemented in order to realize 
some benefits of the embodiments described herein. 

[0025] We will describe in more detail below engines that implement HEHC and we will call such 
engines "Hybrid Cycle Combustion Engine", or HCCE. In various exemplary embodiments, 
HCCE includes the following components described throughout this description and depicted in the 
Figures. 



Components 



100 - PGM (Power Generation Module) 

110 - compressor cover 

111 - protrusion into compression chamber 

113 - left valve housing (cylindrical openings) 

1 14 - right valve housing (cylindrical 
openings) 

115 - shaft housing (cylindrical openings) 

120 - oscillating shaft 

121 - compressor's piston 

122 - expander's piston 

123 - drive cam 

124 - cam follower roller 

125 - guide roller 

126 - central drive shaft 

127 - upper drive shaft 

128 - lower drive shaft 

130 - compressor body 

131 - compression chamber 

132 - compression chamber 

133 - combustion chamber 

134 - combustion chamber 

135 - one-way air valve 

136 - one-way air valve 

137 - water injector 

140 - separator 

141 - air intake port 

142 - air intake port 

143 - exhaust port 

144 - exhaust port 

145 - air channel 

146 - exhaust channel 

1 50 - fresh air intake valve 

151 - combustion products transfer valve 

152 - channel 

1 53 - left air/ exhaust valve 



1 54 - right air/ exhaust valve 

155 - shaft 

157 - exhaust valve 

161 - radial bearing 

162 - radial bearing 

163 - radial bearing 
164 -radial bearing 

170 - expander body 

171 - expander chamber 

172 - expander chamber 

180 - expander cover 

181 - protrusion into expansion chamber 

191 - crankshaft 

192 - magnets 

200 - ERS (Energy Recovery System) 
300 - PCM (Power Conversion Module) 
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HCCE Features: 

[0026] 1. High compression ratio. In the Otto cycle (and other typical spark ignition engines), the 
air/fuel mixture is compressed but only to pressure and temperature conditions that stop short of 
causing auto-ignition. Since compressing to a higher ratio can attain higher efficiency, the HCCE 
compresses air to a very high ratio, typically above the pressure-temperature conditions that would 
cause auto-ignition were fuel present However, the compression in various embodiments is of air 1 
only (or working medium, as defined above), and fuel is added only after the compression phase is 
substantially complete - as in the conventional Diesel cycle. However, in contrast to the approach of 
Diesel cycle engines, in various HCCE embodiments, the fuel combusts at substantially constant 
volume conditions. 

[0027] 2. Near-isothermal compression . Isothermal compression requires less work for 
compression of a given amount of working medium to a given pressure than adiabatic compression. 
Near-isothermal compression may be achieved by cooling the working medium during compression, 
e.g. by adding water during compression. 

[0028] 3. Constant-volume (isochoric) or decreasing-volume combustion. Ignition starts at point 
"2" in the PV diagram and proceeds to point "3". Preferably, this should happen under isochoric 
conditions. In practical Otto engines, this condition is not satisfied, because the piston, being 
attached to a rotating crankshaft, travels a finite distance during the time it takes the fuel to bum. 
To achieve a truly isochoric process, in various HCCE embodiments, the piston will be momentarily 
stopped until combustion is substantially complete and/ or the engine is configured to isolate the 
burning air/fuel mixture in a separate combustion chamber. 

[0029] It is possible to further reduce the volume of the working medium by "moving" point 3 in 
the PV diagram "left" by adding a fluid medium, such as water, during combustion. The water 
evaporates, reducing the temperature within combustion chamber and therefore the pressure of 
combustion products. However, at the same time, water added in this way reduces the volume 
occupied by combustion products within the combustion chamber, since evaporating water vapor 
occupies 1400 times the space of liquid water. The volume decrease has an opposite effect on the 
pressure of combustion products - the volume decrease (in the absence of a temperature change) 
increases the pressure of combustion products. Therefore, while the net effect of the addition of 
liquid water into the combustion chamber might be a slight decrease in the pressure at point 3, the 
superheated steam generated during this process can be harnessed during the next phase -expansion 
of the working medium, which now will contain the products of combustion as well as this 
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superheated, high pressure steam. Also, evaporating water cools the combustion chamber, which 
allows for the use of less expensive materials for engine construction. The reduced temperature also 
reduces formation of undesirable NOx gases. 

[0030] 4. Increased pressure durin g the expansion stroke. In modem engines cylinder walls are 
5 cooled to prevent material degradation and melting. Cooling the cylinder walls lowers the curve 
between points "3" and "4" in the PV diagram - which has a negative effect on the total area under 
the curve. In our case, tie water evaporated during combustion helps to stretch the cycle curve 
upward. Additional water may be added to decrease wall temperature, while additional steam 
generated will be used to perform more work. 

10 [0031] 5. Expanding to volume larger than intake volume. Point "4" in the PV diagram whown 
in Figure 1 can be shifted to the right by extending the expansion stroke, that is, configuring the 
expansion stroke to provide a volume that is significantly larger than the volume provided during 
the intake stroke. This result may be accomplished by expanding combustion products (and steam) 
into an expansion chamber that has a larger volume than the chamber used for the compression 

15 stroke. One way to implement such configuration is to utilize separate compression and expansion 
chambers and/or, if water is used, by adding a variable amount of liquid (water) in a compression 
and/or expansion chamber, so that more liquid is present during compression than during 
expansion. 

[0032] 6. Thermo-chemical recovery . Additional efficiency can be obtained by transferring part 
20 of the heat from the exhaust gases back into the system, as is done in Stirling or Ericsson cycles. 

While technically such heat transfer could be accomplished in Otto or Diesel engines by installing a 
simple heat exchanger, which would transfer the heat from exhaust gases to incoming fresh air, 
practical considerations preclude such a solution since the volume of such a "gas to gas" heat 
exchanger would be excessively large, and hotter air temperatures would effectively reduce power 
25 density of the engine. In our case we are forced to reduce the temperature of exhaust gases below 
100 deg. C to recover the water that we added during compression, combustion and/ or expansion 
strokes. However, instead of transf erring heat to incoming air, we transfer this heat to gaseous fuel, 
as described in the international application No. PCT/US03/05749, mentioned above. An additional 
advantage of this approach is that the large amount of heat associated with the change of phase of 
30 water between gaseous and liquid states permits using water as a heat transfer medium in a heat 

exchanger that occupies a volume comparable to the volume of a radiator used in modem ICEs. In 
this embodiment, the heat recovered from the water may be used to cause thermo-chemical 
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decomposition of incoming gaseous fuel into hydrogen and carbon monoxide, so that the resulting 
decomposed fuel has a higher heat of combustion than before thermo-chernical decomposition. 

[0033] In addition to enabling the hybrid cycle described above, it is desirable for various 
embodiments of an engine in accordance with the present invention to have low friction between 
piston and cylinders as well as a compact form-factor. In various embodiments, an engine in 
accordance with the present invention may have features, discussed in further detail below, including 
the following: 

1. A compressor, which compresses air into one or more combustion 
chambers, preferably during forward and return strokes of operation, in such a way that 
while air is being compressed on one side of the compressor's piston, fresh air is inducted on 
the other side of the compressor's piston. 

2. A set of one or more combustion chambers, for accepting hot, pressurized 
air from the compressor. When fuel is introduced into the combustion chambers, by means 
of a fuel introduction mechanism, combustion begins and (optionally) continues until 
complete combustion occurs. 

3. A fuel introduction mechanism, which inserts the fuel into the combustion 
chamber(s). This mechanism may inject fuel with an injection pump, or may insert a low 
pressure gaseous fuel into a high pressure combustion chamber by means of mechanical 
insertion. When mechanical insertion is used, it may be implemented in a number of 
configurations. One configuration involves rotating a shaft located within the combustion 
chamber in such a way that the cavity within the shaft that contains the fuel is gradually 
rotated into the combustion chamber. Conversely, another configuration involves rotating 
the combustion chamber into a stationary cavity that is filled with gaseous fuel. In another 
embodiment, any high-pressure fuel injection mechanism may be used. 

4. An optional water introduction mechanism, which can inject liquid water 
with a water-injection pump, or insert liquid water into the high pressure combustion 
chamber by means of mechanical insertion. The mechanical insertion may be implemented 
just as described with respect to the fuel introduction mechanism: either by rotating a shaft 
located within the combustion chamber in such a way that the cavity within the shaft that 
contains the water is gradually rotated into the combustion chamber or, conversely, the 
combustion chamber is rotated into the stationary cavity that is filled with water. Also, in 
another embodiment, the water may be injected or inserted into the compressor and/or into 
the expander chambers for cooling purposes. 
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5. An expander, which receives high-pressure, high-temperature combustion 
products, and (optionally) high-pressure steam, from the set of combustion chambers, and 
expands said combustion products and steam, converting heat and potential energy into 
work, preferably during forward and return strokes of operation, in such a way that while 
combustion products and steam are being expanded on one side of the expander's piston, 
the expended combustion products and steam are exhausted on the other side of the 
expander's piston. It is desirable that the expansion volume of the expander be larger than 
the intake volume of the compressor. This is easily implemented if the expander is a separate 
volume from the compressor. In another embodiment, the compressor itself may be used as 
the expander (Le., one may use the same volume for both compression and expansion, as is 
done in a typical piston-based Otto or Diesel engine). Even if the same volume is used, the 
expander may have larger gas expansion volume than compression volume if more liquid is 
present in the chamber during compression than during expansion. 

6. An optional thermo-chemical recovery system in which water contained in 
the exhaust is condensed and the energy recovered from such a process is transferred to the 
fuel, in a process of decomposing the fuel into a mixture of hydrogen and carbon monoxide 
(and possibly some other gasses), having a heat of combustion higher than that of original 
fuel. 

[0034] It should be noted that while only a combination of all the features above yields optimal 
efficiency, various embo dim ents of the invention might omit some of them. Numerous ways in 
which the above features may be implemented are contemplated by the invention. Several 
exemplary embodiments are discussed below. 

[0035] In Figure 2, we illustrate major modules an HCCE embodiment a Power Generating 
Module (PGM), 100, a Power Conversion Module (PCM), 300, and optional Energy Recovery 
System (ERS), 200, Data Acquisition and Control Module (DAC), 400. ERS and DAC are disclosed 
in international application No. PCT/US03/05749 mentioned above and incorporated by reference. 

[0036] Referring to Figure 2, the pistons of the compressor and the expander may execute a 
complex motion, including motion that we have called "recip-rotating". In general terms, in the 
"Definition" section, we have not limited a "piston's motion" to reciprocation related to a 
substantially uniform rotary motion of a connected output shaft. With these definitions in mind, the 
PCM 300 functions are to convert piston's motion into output shaft motion or directly into 
electrical energy; to limit the range of piston's motion in order to prevent the collisions of pistons 
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with walls of the engine; and, optionally, to smooth out power fluctuations, by utilization of a 
flywheel 

[0037] There are many mechanisms, based on cams and non-circular gears that allow those skilled 
in the art to implement simple and efficient PCMs. See for example, <e Mechanism & Mechanical 
5 Devices Sourcebook" by Nicholas P. Chironis , McGraw-Hill Companies, The - April 1991 ISBN 0- 
07-010918-4, pp. 71, 74 and 105, hereby incorporated herein by reference. 

[0038] The PGM 1 00 of an HCCE in accordance with embodiments of the present invention 
may be implemented in a variety of ways, for example to produce rotational, oscillatory or recip- 
rotating motion (examples will be given later). If oscillatory motion is produced, it may be 
10 converted into rotary motion of an output shaft using the PCM 300. Conversion from piston's 

motion into rotational motion of output shaft or direcdy into electrical energy by the PCM 300 will 
be described in detail below. 

PGM—Liqmd Piston 

[0039] We will start with description of the PGM 100. In one embodiment, the PGM may be 
15 implemented using a liquid-piston concept shown in Figure 3 and described in the international 
application No. PCT/US03/05749 mentioned above. We will to refer an ICE implementing the 
liquid-piston concept is "Fluid ICE™". 

[0040] The rigid metal piston of conventional ICEs is replaced with a liquid piston, for example, a 
volume of water. The upper surface of water may not be flat or even continuous during the motion 
20 of the liquid piston. The water surface substitutes for the upper surface of the metal piston. The 
table below summarizes the key differences in a 4 stroke engine using a metal vs. liquid piston 

Stroke Description of each Conventional ICE Liquid Piston based 

stroke of a one Operation Fluid ICET M 

cylinder, 2 valve (air Operation 
and exhaust), 4 
stroke engine 

1. Intake with air valve open an piston moves down, liquid piston moves 

air/ fuel mixture is driven by the crank down, driven by the 

sucked in shaft pump 

2. Compression with both valves closed piston moves up, liquid piston moves 

air/ fuel mixture is driven by the crank up, driven by the 

compressed shaft pump 
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3. Expansion with both valves closed A spark plug is 



an ait/ fuel mixture 
combusts creating very 
high pressure in the 
cylinder 



required to ignite 
air/ fuel mixture. The 
piston moves down, 
driven by the high 
pressure. The 
moving piston drives 
the crank shaft 



4. Exhaust 



with exhaust valve open 
a combusted air/ fuel 
mixture is expelled from shaft 
the cylinder 



piston moves up, 
driven by the crank 



A spark plug is not 
required for 
combustion. A high 
gas temperatures, 
caused by high 
compression ratio, 
enable spontaneous 
combustion. The 
liquid piston moves 
down driven by the 
high pressure. The 
water flow drives a 
hydraulic motor 

liquid piston moves 
up, driven by the 
pump 



[0041] We note the following characteristics of the ICE having a liquid piston: 

[0042] The cylinders of conventional engines are round to facilitate sealing the space between 
piston and cylinder walls. As Figure 3 demonstrates, the cylinder cross-section of liquid based engine 
does not have to be round as there is no sealing issue. The rectangular design facilitates volumetric 
efficiency (Le. the same power in a smaller volume) and, more importantly, also enables a new design 
of intake and exhaust valves. Figure 6 shows, as an example, that one rotary valve can operate Intake 
and Exhaust valves - this simplifies the design considerably. It should be also noted that rotary 
valves operate much quieter and do not generate knocking noise of conventional poppet valves. 

[0043] Water evaporates during piston expansion . This is beneficial to ICE because: 

a. Evaporating water increases the pressure within the cylinder during expansion, as was 
discussed above. This effectively means that Fluid ICE is a synergetic combination of an 
internal combustion engine and steam engine, except that there is no boiler and the 
evaporation process is almost instantaneous. 

b. The evaporating water carries a large amount of (latent) heat of evaporation, which can 
potentially be used to do more work This is accomplished by sending hot exhausts, 
containing water vapors, through an Energy Recovery System (ERS), shown in Figure 2 
and 5 and explained later in this paper. 

c. Water cools and lubricates the cylinder alleviating the need for additional cooling and 
lubrication. 
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[0044] The volume of water in the cylinders is controlled by valves. In various embodiments of 
the invention, this has a positive effect on the thermodynamic efficiency of the engine: 

a. Air intake volume is smaller than exhaust volume at the end of the expansion stroke. As 
shown in Figure 1 - this alone increases thermodynamic efficiency by as much as 20%. 

b. In a conventional engine, as soon as combustion begins, the piston begins to expand, 
which cools the fuel/air mixture, causing incomplete combustion. In Fluid ICE, 
combustion can occur at a constant volume - a preferable condition that allows for 
complete burning of fueL 

[0045] To accommodate very high water flows (small amounts but very high velocity), standard, 
commercially available pump and hydraulic motor have to be very large. Instead, we use vane-type 
actuators, which simultaneously serve as a pump and a hydraulic motor. These actuators are 
described in the section 'Tutting it all together", below. 

Energy Recovery System (ERS) 
[0046] The ERS (Figure 1) serves a plurality of purposes. It converts raw fuel, such as 
hydrocarbon gas (Natural Gas or vaporized liquid fuel) and water vapor into reformat gas, 
containing H2, CO and other gases which have up to 27% higher heat of combustion than raw fuel 
gas. Tlie conversion occurs in a thermo-chemical recuperator via endothermic, catalyst-assisted 
reactions occurring at a constant temperature between 450 and 750 deg. C. The required 
temperature for this process depends upon the properties of the catalyst and amount of water vapor 
and/ or carbon dioxide. Exhausts supply the additional energy needed for this conversion, thus this 
process significandy increases the efficiency of the engine's operation. The engine can run on raw 
fuel as well, so these reforming components are optional. A comparison of energy distribution 
within conventional and Fluid ICE ™ Engines is shown in Figure 4. A more detailed energy balance 
sheet for Fluid ICE™ engine is shown in Figure 5. 

[0047] A second purpose for ERS is water recovery. Because (evaporating) water must not leave 
the system at a rate greater than the combustion process generates it, water must be recovered from 
the exhausts. The exhausts must be cooled to below 100 deg. C, as is effectively done when used 
with tHe ERS. The Thermo-chemical Recovery system was offered first for large power plants in 
"The Thermo-chemical Recovery System - Advanced Heat Recovery*', By D.K. Fleming and M.J. 
Khinkis, 12th Energy Technology Conference and Exposition, Washington D.C. March 25-27, 
1985, as well as described in US Patents 4,900,333; 5,501,162; and 5,595,059, all incorporated herein 
by reference, but was never applied to ICE because such an energy recovery system would create 
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additional, large and expensive components handling water and water vapors. For Fluid ICE, these 
components are integral and synergetic. 

Efficiency 

[0048] The reasons for higher thermodynamic efficiencies of the Fluid ICE engine are shown in 
5 Figure 1. The area delineated by solid lines l-> 2 3 -> 4 represents the amount of energy that can 
be extracted during a single cycle of the Fluid ICE engine. Calculations show that the theoretical 
thermodynamic efficiency of Fluid ICE engine is 74%, whereas for conventional ICE it is only 
around 50-57%. 

Putting it all together 

10 [0049] Figure 3 shows both a perspective view and an exploded view of a 4 cylinder, 4-stroke 
engine using a liquid piston as described The liquid piston engine's PGM, which transforms 
chemical energy of fuel into oscillatory shaft motion, is here implemented by four cylinders and two 
actuators, located between the cylinders. An actuator is comprised of an oscillating vane and two 
volumes. The two volumes are always filled with water. Thus, A-l (actuator #1), is formed by the 

15 oscillating vane OV-1 and volumes VI, adjacent to cylinder #1 and volume V2, adjacent to cylinder 
#2. Similarly, A-2 (actuator #2), is formed by the oscillating vane OV-2 and volumes V3, adjacent to 
cylinder #3 and volume V4, adjacent to cylinder #4. 

[0050] The vane can be driven by applying high-pressure water on one side, so the vane acts as a 
hydraulic motor. Simultaneously, the other side of the vane pushes water out, so the vane is also 
20 acting as a pump. Thus, actuators are used to serve as both a hydraulic motor and pump. 

[0051] Oscillating Vane #1 (OV-1) is shown in Figure 6 between cylinders #1 and #2. The 
Oscillating Vane #2 (OV2) on the back of the engine is between cylinders #3 and #4. Both vanes 
move together because they are rigidly attached to the same shaft, which executes oscillating motion. 

[0052] Assuming that shaft and both OV-1 and OV-2 are moving counterclockwise (as shown by 
25 the arrow in Figure 6. The operation of Fluid ICE™ engine is as follows: 

[0053] In cylinder 1 : 

The air valve opens the air intake port The water valve opens to allow water to flow 
between cylinder #1 and VI (left hand side of A-l). As OV-1 moves counterclockwise, water is 
pumped out of cylinder #1 and into the VI compartment of A-l. An air is drawn into the cylinder; 
30 thus, cylinder 1 is undergoing the intake phase. 
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[0054] In cylinder 2: 

The water valve for cylinder # 2 is open, so as OV-1 moves counterclockwise, water from 
V2 (the tight compartment of A-l) is pumped into cylinder #2. The exhaust valve of cylinder #2 is 
open - allowing exhaust gasses to exit through the exhaust port This means that cylinder #2 is 
5 undergoing the exhaust phase. 

[0055] In cylinder 3: 

Assume that combustion has recently occurred in cylinder 3. Water from cylinder # 3, under 
pressure from expanding gasses, flows into V3. The inflow of water into A-2 drives OV-2 (and 
correspondingly, OV-1) to move in a counterclockwise direction. Both Exhaust and Air ports of 
10 cylinder # 3 are closed, as cylinder #3 is undergoing the expansion phase. 

[0056] In cylinder 4: 

Water is pumped by OV-2 from V4 into cylinder #4, both Exhaust and Air ports of which 
are also closed. Thus, cylinder #4 undergoes the compression phase. 

[0057] Upon completion of these phases, the water valve for cylinder 4 closes and a fuel is 
15 introduced into this cylinder so it auto-ignites. After a short delay, the water valve is reopened, and 
the pressure drives the OV-2. At this point, cylinder #1 undergoes compression, cylinder #2 
undergoes exhaust, cylinder #3 undergoes intake, and cylinder #4 undergoes expansion. The 
descriptions for each stroke are the same as above, the only difference being which cylinder is in a 
given stroke. The process continues, and each cylinder undergoes the intake, compression, 
20 combustion / expansion, and exhaust strokes in turn. The net result of this system is an oscillating 
shaft, driven by A-l or A-2. To be useful for generating rotational motion, an Oscillatory-to-Rotary 
(O-2-R) converter is used as will be described later in this application. 

Implementation of liquid piston engine using separated compression and expansion chambers 
[0058] Separated compression and expansion chambers 1 is a modification of die engine design 

25 discussed above. It is also based on a liquid piston design, but employs separated compression and 
expansion chambers. This design employs two combustion chambers located within two 
intake/exhaust valves. The construction of this engine is similar to the 4-vahre liquid piston based 
ICE, shown in Figure 3 and 6, with the main exceptions being that there are no water valves and the 
air/exhaust valves are combined with the combustion chamber. The resulting design is shown in Fig 

30 7 to 11. 
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[0059] Figure 7 presents an exploded view of the Power Generation Module (PGM) of a 4-stroke 
HCCE engine, while Figure 8 shows specific details of components. Further description will refer, 
unless otherwise indicated, to Figure 7 and Figure 8. In various embodiments, PGM 100 of this 
engine includes 

a. an engine body that includes the compressor body 130, a separator 140, and the 
expander body 170; 

b. a compression piston 121 - a solid body, surrounded in whole or in part by liquid 
(water, in simplest case), see Figure 10. The piston 121, separates air cavity into 
compression chamb er 131, and compression chamber 132, and moves in oscillatory 
motion between these compression chambers; 

c. an expansion piston 122 - a solid body, surrounded in whole or in part by liquid. 
The piston 122 separates exhaust cavity into expander chamber 171 and expander 
chamber 172, and moves in oscillatory motion within this expansion cavity. 

d. oscillating shaft,120 which mechanically couples compression piston 121 to 
expansion piston 122; 

e. two air/exhaust valves: left valve 1 53 and right valve 1 54. Each valve contains an air 
channel, which allows fresh air to enter the compression chamber and/or exhaust 
channel, which allows combustion products to exit the expansion chamber. Each 
valve also contains combustion chambers 133, 134, correspondingly). Left and right 
valves are mirror images of each other and, during the operation, rotate in opposite 
directions. The details of the right valve are shown in Figure 9; 

£ two compression chambers 131 and 132, each of which is formed by the space 
between the compressor body 130, compression piston 121, and either the body of 
the valve 153,154, or body of combustion chamber 133/134, or both; and 

g. two expansion chambers 171 and 172, each of which is formed by the space between 
the expander body 170, expansion piston 122, and either the body of the valves 153, 
154 or body of combustion chamber 133,134, or both. 

h. Covers, bearings and bolts are not shown; 

[006O] Liquid (water) partially fills each compression and/or expansion chamber. The surface of 
the liquid exposed to air or exhausts represents a liquid Piston (Figure 10). 

[0061] The compressor volume, which is the sum of the volumes of compression chambers 131 
and 132, denoted V 131 + V U2 , is separate from expansion volume, V 171 + V 172 ; expansion volume is 
larger than compression volume, in our case 2.5 times. Depending upon the position of the 
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compression piston 121, the volumes of compression chambers V 131 and V 132 vary from V Imakc , 
maximum volume d uring initial phase of intake stroke, to zero at the end of intake stroke. The 
volumes of compression chambers 131 and 132 are complementary, Le., V 1M +V 132 = V^^. 

[0062] Similarly, depending upon position of expansion piston 122, the volumes of expansion 
5 chambers V 171 and V m vary from V^^, during initial phase of exhaust stroke to zero. The volumes 
of expansion chambers 171 and 172 are complementary, Le., V 171 + V 172 = V Exhnust . 

Operation 

[0063] The expansion piston 122, driven by combustion products, expanding in expansion 
chamber 171 (acting as a hydraulic motor), rotates oscillating shaft, 120. Simultaneously, 122 

10 exhausts from expansion chamber 172 already expanded combustion products, (expander's piston 
122, pushes water out, acting as a pump). Thus, expander's piston 122 is used to serve as both a 
hydraulic motor and pump. At the same time, the compression piston 121, driven by the oscillating 
shaft 120, compresses fresh air in compression chamber 132, while inducting air into compression 
chamber 131, in both cases compressor's piston 121, is acting as a pump. Oscillating shaft 120, is 

15 driven by expansion piston 122, in the beginning of expansion stroke and by a flywheel (not shown) 
which could be attached either to oscillating shaft 120, or to the output shaft of PCM. 

[0064] To further explain the operation of the engine, it is necessary to conduct a closer 
examination of operation of valves. Since valve operation in many instances is similar in various 
engine designs and with the purpose of conserving space, we will refer to Figure 22, for positioning 
20 of pistons and valves, in spite of the fact that this Figure relates to a different engine design. The 
operation of the engine is as follows: 

Position 1 

[0065] Both pistons 121 and Wlzxe 'm extreme left positions, starting to rotate clockwise. 
V lM =0, V m = V lntakc , V 171 =0, V l72 = V^; 

25 [0066] The left air/ exhaust valve 1 53 is stationary and in such position that the air intake port of 
compressor chamber 131 is open. Fresh air will be inducted into the compressor chamber 131 when 
the compression piston, 121 will start moving, thus, the compressor chamber 131 will begin the 
intake stroke. 

[0067] The exhaust port of expander chamber 132 is closed. Combustion has just been completed 
30 and combustion chamber volume is connected to expansion chamber 171. Combustion products 
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will be expanding into the expansion chamber 171 when the expansion piston 122 starts moving, 
thus, the volume 171 will begin the expansion stroke. 

[0068] Hie left air/ exhaust valve 1 53 is stationary and in such position that the air intake port of 
compressor chamber 132 is closed The air, already contained in the compressor chamber 132, will 
5 be compressed when the compression piston 121 starts moving, thus, the compressor chamber 132 
will start th.e compression stroke. 

[0069] The exhaust port of compressor chamber 132 is open. Already expanded combustion 
products will be exhausted from expansion chamber 172 when the expansion piston 122, starts 
moving, tirus, expansion chamber 172 will start the exhaust stroke. 

10 Position 2 

[0070] Both pistons 121 and 122, have just arrived to their extreme right positions. 
V131 ~ V Intake , V 13 2= 0, V 171 = 0, V l72 = V Exhaust ; 

[0071] Both valves are stationary and in the same position as above. 

compression chamber 131 has completed the intake stroke, and pressure therein is 
15 close to ambient. 

expansion chamber 171 has completed the expansion stroke. Pressure in the 
combustion chamber of leftyalve, 153, and expansion chamber 171 is close to 
ambient 

expansion chamber 172 has completed the exhaust stroke. There are no exhausts in 
20 expansion chamber 172, as its volume is zero. 

compression chamber 132 has completed the compression stroke. There is no air in 
compression chamber 132, as its volume is zero. Hot compressed air is in the 
compression chamber within the right valve 154. 

Position 3 

25 [0072] Both pistons 121 and 122 are momentarily stationary, in extreme right position. 
Vi3i = V Intake , V 132 =0, V 171 =0, V 172 = V^^; 

[0073] The left air/exhaust valve 153 is rotated 180 degrees. In the process of rotation the 
following occurs: combustion chamber begins exposed to ambient air. At the end of 180 degrees 
rotation it is disconnected from the ambient air and aligned with compression chamber 131. It is 
30 ready for compression stroke. At the end of 180 degrees rotation, the exhaust channel is aligned 
with expansion chamber 171 and is ready for exhaust stroke. 
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[0074] The right air/exhaust valve 1 54 is rotated 180 degrees. In die process of rotation the 
following occurs: combustion chamber 134 passes through a cavity within the compressor body, 
130, which contains gaseous fuel under low pressure. Hot, due to compression, air is mixed with 
the gaseous fuel and because its temperature is above the auto-ignition temperature of the fuel, a 

5 spontaneous combustion occurs. Optionally, water could be inserted into combustion chamber 
(before, during or after ignition). Rotation of air/exhaust valve takes sufficiendy long time for 
combustion to complete. At the end of rotation, the combustion chamber 134 is connected to 
expansion chamber 172, while air port on 132 opens (Le. compression chamber 132 is exposed to 
ambient air). Expansion chamber 172 is ready to start expansion stroke, while compression 

10 chamber 132 is ready to start intake stroke. 

Position 4 

[0075] Both pistons 121 and 122 are in extreme left position, starting to rotate counterclockwise. 
Vi3i = 0, V 132 = V Intake , V 171 =0, V 172 = Vgrf^us,; 

[0076] Both valves are stationary and in the same position as above. 
15 - compression chamber 131 has completed the compression stroke. There is no air in 

compression chamber 131, as its volume is zero. Hot compressed air is in the 
compression chamber within the left valve 153. 

expansion chamber 171 has completed the exhaust stroke. There are no exhausts in 
expansion chamber 171 as its volume is zero. 
20 - compression chamber 132 has completed the intake stroke, and pressure therein is 

close to ambient 

expansion chamber 171 has completed the expansion stroke. Pressure in the 
combustion chamber 133, of left valve 153, and expansion chamber 171 is close to 
ambient 

25 Transition from Position 4 to Position 1 

[0077] Both pistons 121 and 122 are momentarily stationary, in extreme left position. 
Vi3i = 0, V t32 = V, ntakc , V l71 =0, V 172 = V^j^; 

[0078] The left Air/Exhaust valve 153, is rotated 180 degrees. In the process of rotation the 
following occurs: combustion chamber 133, passes through the cavity within the body, B, which 
30 contains gaseous fuel under low pressure. Hot, due to compression, air is mixed with the gaseous 
fuel and because its temperature is above the auto-ignition temperature of the fuel, a spontaneous 
combustion occurs. Optionally, water could be inserted into combustion chamber (before, during or 
after ignition). Rotation of air/ exhaust valve takes sufficiently long time for a complete combustion 
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to occur. At the end of rotation, the combustion chamber 133, is connected to expansion chamber 
171, while air port on compression chamber 131 opens (Le. compression chamber 131 is exposed to 
ambient air). Expansion chamber 171 is ready to start expansion sttoke, while 131 is ready to start 
intake stroke. 

[0079] The right air/ exhaust valve 154 is rotated 180 degrees. In the process of rotation the 
following occurs: combustion chamber begins exposed to ambient air. At the end of 180 degrees 
rotation it is disconnected from the ambient air and aligned with compression chamber 132. It is 
ready for compression stroke. At the end of 180 degrees rotation, the exhaust channel is aligned 
with expansion chamber 172 and is ready for exhaust stroke. Note that combustion, and therefore 
expansion, occurs on every swing of the oscillating shaft 120. 

[0080] Implementations of HCCE described above results in the following benefits: 

compressing air, rather than air/ fuel mixture, allows for a very high compression ratio 

(15 to 304-). Fuel is introduced separately into the combustion chamber; 

optionally injecting water into a compression chamber during the compression stroke 

lowers the work required to compress the air and brings the process closer to isothermal 

compression; 

- a separate, constant volume combustion chamber allows for isochoric combustion. If 
water is added to the combustion chamber before combustion is complete, then, 
combustion will occur under the condition of reduced volume (due to evaporating 
water), which is even more efficient than isochoric combustion. This water also lowers 
the temperature of gases in the combustion chamber, which lowers the emission levels 
of NOx, and allows for lower grade materials that could be used for construction of the 
engine; 

- there is additional pressure during expansion, due to steam formed during the 
combustion and expansion processes; and 

exhaust pressure is low because the expansion volume is larger, 2 to 5 times than the 
intake volume, which is easily accomplished because the expander is separate from the 
compressor. 

- Energy Recovery System can be implemented as described herein 

Modifications 

[0081] To conserve on amount of liquid needed for proper operation of this engine as well as 
total volume of the engine, it is possible to use modification shown on Figure 11. Also, various 
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other shapes and forms of combustion chamber, expansion chamber, valves, pistons (for example, 
pistons 121,122 may have different shapes from each other), etc. are possible, which do not change 
the spirit of the invention. 

OsdllatingViston, V-CotifiguTiation 
[0082] The embodiments shown in Figures 12-20 may be implemented with or without water. 
Figure 15 presents an exploded view of a 4 cylinder, 4-stroke HCCE engine. Shown in Figure 16 
and 17 are the details of some components, which are important for unders ta nding the engine's 
operation. Further description will refer, unless otherwise indicated, to Figure 17. In this engine the 
expander volume (V^ + V c <) is separate from, and larger than, the compressor volume (V 131 + V 132 ). 

[0083] Referring to Figures 14 and 15, in one embodiment, PGM 100 includes: 

- The engine body including the compressor body 130, a separator 140, and the 
expander body 170; 

- compression piston 121 - a solid body, optionally surrounded in whole or in part by 
liquid (water, in a particular embodiment). The piston 121, separates air cavity into 
compression chamber 131 and compression chamber 132, and moves in oscillating 
motion within air cavity; 

- expansion piston 122 - a solid body, optionally surrounded in whole or in part by 
liquid The piston 122, separates exhaust cavity expander chamber 171, and 
expander chamber 172, and moves in oscillating motion within the exhaust cavity; 

- oscillating shaft 120, which mechanically couples piston 121 to piston 122; 

- Two air/exhaust valves: left valve 153 and right valve 154. Each valve contains an air 
channel 1 45, which allows fresh air to enter the compression chamber and/ or 
exhaust channel 146, which allows combustion products to exit the expansion 
chamber. Each valve also contains a combustion chamber (133 and 134, 
correspondingly). Left and right valves are mirror images of each other and, during 
the operation, rotate in opposite directions. The details of the left valve are shown in 
Figure 9; 

- Two compression chambers 131 and 132, each of which is formed by the space 
between the compressor body 130, compression piston 121, and either the body of 
the valve 153/154 or body of combustion chamber 133/134, or both; 
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- Two expansion chambers 171 and 172, each of which is formed by the space 
between the expander body 170, expansion piston 122, and either the body of the 
valve 153/154 or body of combustion chambers 133,134), or both; 

Covers 180 and 110, held to body with bolts 151; 

5 - The engine body (130,140,170), Fig 14 and 16, is a solid part with a number of 

features: compression chamber 131, compression chamber 132; two cylindrical 
openings (113 and 114) for left and right air/ exhaust valves; cylindrical opening (115) 
for shaft (120); two air intake ports (141) and (142), two exhaust ports (143) and 
(144), and optional fuel and water channels (not shown) located inside of 113 and 

10 114 within the body of the engine. 

- compression piston 121 moves within air compressor cavity, as shown in Figure 18, 
while exhaust piston 122 moves within exhaust expansion cavity. Both pistons are 
coupled via the oscillating shaft 120 and, therefore, move synchronously together. 

— Oscillating shaft 120, Figure 15, has spline, which matches groves on the 

15 compression piston 121 and exhaust piston 122, as well as another spline which 

allows coupling to PCM (300). 

— Valve (1 54) is a mirror image of valve (153), Figure 15, is a cylindrical body with air 
channel (145), exhaust channel (146) and combustion chamber cavity (133 or 134). 

[0084] Depending upon the position of the compression piston 121, the volumes of compression 
20 chambers V 131 and V 132 vary from V Intake , maximal volume during initial phase of intake stroke, to 
zero at the end of intake stroke. The volumes of compression chambers 131 and 132 are 
complementary, ie., V 131 + V 132 = V Intoke . Similarly, depending upon position of expansion piston 
122, the volumes of expansion chambers V 171 and V 172 vary from during initial phase of 

Exhaust stroke, to zero. The volumes of expansion chambers 171 and 172 are complementary, ie., 
25 V^+V^Ve^. 

Operation 

[0085] The expansion piston 122 driven by combustion products, expanding in expansion 
chamber 171, rotates oscillating shaft 120. Simultaneously, expansion piston 122 exhausts from 
expansion chamber 172 already expanded combustion products. At the same time, the compression 
30 piston 121, driven by the oscillating shaft 120, compresses fresh air in compression chamber 132, 
while inducting air into compression chamber 131. 
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[0086] Referring to Figure 18, the operation of the engine is as follows: 
Position 1 

[0087] Both pistons, compression piston 121, and expansion piston 122, are in extreme left 
position, starting to rotate clockwise. V 131 =0, V 132 = V Intake , V 171 =0, V 172 = V&^v 

5 [0088] The left air/ exhaust valve 153 is stationary and in such position that air intake port of 
compression chamber 131 is open. Fresh air will be inducted into compression chamber 131 when 
the compression piston 121, will start moving, thus, compression chamber 131 will begin the intake 
stroke. 

[0089] The exhaust port of compression, chamber 132 is closed Combustion has just been 
10 completed and combustion chamber volume is connected to expansion chamber 171. Combustion 
products will be expanding into expansion chamber 171 when the expansion piston 122 starts 
moving, thus, expansion chamber 171 will begin the expansion stroke. 

[0090] The right air/exhaust valve 154 is stationary and in such position that air intake port of 
compressor chamber 132 is closed. The air, already contained in the compression chamber 132, will 
15 be compressed when the compression piston 121 starts moving, thus, the compression chamber 132 
will start the compression stroke. 

[0091] The exhaust port of compression chamber 132 is open. Already expanded combustion 
products will be exhausted from expansion chamber 172 when the expansion piston 122, starts 
moving, thus, expansion chamber 172 will start the exhaust stroke. 

20 Position 2 

[0092] Both pistons 121 and 122, have just arrived to their extreme right positions. 
V 13 i= V Int2kc , V 132 =0, V 171 =0, V t72 = V^ustJ 

[0093] Both valves are stationary and in the same position as above. 

- compression chamber 131 Has completed the intake stroke. Pressure in the 131 is 
25 close to ambient 

- expansion chambers 171 has completed the expansion stroke. Pressure in the 
combustion chamber of left valve, 153, and expansion chamber 171 is close to 
ambient 

expansion chambers 172 has completed the exhaust stroke. There are no exhausts in 
30 172, as its volume is zero. 
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compression chamber 132 has completed the compression stroke. There is no air in 1 32, as 
its volume is zero. Hot compressed air is in the compression chamber within the 
right valve, 154. 

Position 3 

5 [0094] Both pistons, compression piston 121, and expansion piston 122, are momentarily 
stationary, in extreme right position. V 131 = V Intakc , V 132 =0, V 171 =0, V 172 = V^^; 
[0095] The left air/exhaust valve, 153, is rotated 180 degrees. In the process of rotation the 
following occurs: combustion chamber begins exposed to ambient air. At the end of 180 degrees 
rotation it is disconnected from the ambient air and aligned with 131. It is ready for compression 

10 stroke. At the end of 180 degrees rotation the Exhaust channel is aligned with 171 and is ready for 
exhaust stroke. 

[0096] The right air/exhaust valve 154, is rotated 180 degrees. In the process of rotation the 
following occurs: combustion chamber passes through a cavity (not shown) within the compressor 
body 130, which contains gaseous fuel under low pressure. Hot, due to compression, air is mixed 

15 with the gaseous fuel and because its temperature is above the auto-ignition temperature of the fuel, 
a spontaneous combustion occurs. Optionally, water could be inserted into combustion chamber 
(before, during or after ignition). Rotation of air/ exhaust valve takes sufficiently long time for a 
complete combustion to occur. At the end of rotation, the combustion chamber is connected to 
expander chamber 172 while air port on compression chamber 132, opens (i.e. compression 

20 chamber is exposed to ambient air). Expander chamber 172, is ready to start expansion stroke, 
while compression chamber 132 is ready to start intake stroke. 

Position 4 

[0097] Both pistons, compression piston 121 and expansion piston 122, are in extreme left 
position, starting to rotate counterclockwise. V 131 =0, V 132 = V Intakc , V 171 =0, V 172 = V,^^; 
25 Both valves are stationary and in the same position as above. 

compression chamber 131 has compkted the compression stroke. There is no air in 132, as 
its volume is zero. Hot compressed air is in the compression chamber within the left 
valve, 153. 

expansion chamber 171 bos completed the exhaust stroke. There are no exhausts in 171, 
30 as its volume is zero. 

- compression chamber 132 bos completed the intake stroke. Pressure in 132 is close to 
ambient 
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expansion chamber 171 bos completed the expansion stroke. Pressute in the combustion 
chamber of left valve, 153, and expansion chamber 171 is close to ambient 

Transition from Position 4 to Position 1 

[0098] Both pistons, compression piston 121, and expansion piston 122, are momentarily 
stationary, in extreme left position. V 131 =0, V 132 = V^^, V 171 =0, V 172 = V^,; The left air/exhaust 
valve, 153, is rotated 180 degrees. In the process of rotation the following occurs: 

[0099] Combustion chamber passes through the cavity within the body, 130, which contains 
gaseous fuel under low pressure. Hot, due to compression, air is mixed with the gaseous fuel and 
because its temperature is above the auto-ignition temperature of the fuel, a spontaneous 
combustion occurs. Optionally, water could be inserted into combustion chamber (before, during or 
after ignition). Rotation of air/ exhaust valve takes suf&ciendy long time for a complete combustion 
to occur. At the end of rotation, the combustion chamber is connected to expansion chamber 171, 
while air port on compression chamber 131 opens (i.e. compression chamber 131 is exposed to 
ambient air). Expansion chamber 171 is ready to start expansion stroke, while compression 
chamber 131 is ready to start intake stroke. 

[00100] The right air/exhaust valve, 154, is rotated 1 80 degrees. In the process of rotation the 
following occurs: combustion chamber is being exposed to ambient air. At the end of 180 degrees 
rotation it is disconnected from the ambient air and aligned with 132. It is ready for compression 
stroke. At the end of 180 degrees rotation, the exhaust channel is aligned with expansion chamber 
172 and is ready for exhaust stroke. Note that combustion, and therefore expansion, occurs on 
every swing of the oscillating shaft 120. 

[00101] Implementations of HCCE described above results in the following benefits: 

- Compressing air, rather than air/fuel mixture, allows for a very high compression 
ratio (15 to 30+). Fuel is introduced separately into the combustion chamber. 

- Optionally injecting water into a compression chamber (131 or 132) during the 
compression stroke lowers the work required to compress the air and brings the 
process closer to isothermal compression. 

- A separate, constant volume combustion chamber allows for isochoric combustion. 
If water is added to the combustion chamber before combustion is complete, then, 
combustion will occur under the condition of reduced volume (due to evaporating 
water), which is even more efficient than isochoric combustion. This water also 
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lowers the temperature of gases in the combustion chamber, which lowers the 
emission levels of NOx, and allows for lower grade materials that could be used for 
construction of the engine. 

- There is additional pressure during expansion, due to steam formed during the 
5 combustion and expansion processes. 

- Exhaust pressure is low because the expansion volume is larger, 2 to 5 times than the 
intake volume, which is easily accomplished because the expander is separate from 
the compressor. 

- Energy Recovery System can be implemented as described herein 

10 Modifications 

[00102] The engine described above, may have numerous implementations as well. Some of them 
obvious, such as various other shapes and forms of combustion chamber (i.e. close to semi- 
spherical, which decreases the surface to volume ratio, which in turn reduces heat losses from 
combustion chamber), expansion chamber, valves, pistons (121 shape does not has to be the same 

15 as 122 shape), etc., which do not change the spirit of the design. For example, the piston angular 
travel may change in wide range, as could be seen from Figure 19. Having both valves in close 
proximity to each other could simplify the implementation of PCM, as they rotate in opposite sense 
to each other. Therefore, connecting both valves via a gear pair of equal diameter, would allow one 
to apply the required motion to one valve only - the second one will automatically rotate in opposite 

20 sense. In addition, such geometry would allow having higher power density. 

[00103] Another important variation is shown on Figure 20. Both pistons could have large internal 
diameter space in the middle, which could be used for implementation of PCM. Such a combination 
would yield an engine of smaller si2e and, therefore, will increase power density even higher. 

[00104] Other implementations may have some subtle design features that might be useful in 
25 building a commercial engine. One such a specific implementation will be discussed below. 

Large Angle Oscillating Piston Design 

[00105] Fig 21 through 26 show another implementation of an HCCE engine, which is described 
below. The engine features a slightly different arrangement of valves and combustion chambers 
compared to other engines described thus far. 

30 [00106] Referring to Figures 1 and 24, in one embodiment, PGM, 100 of this engine includes: 
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- Compressor body, 130, which contains combustion chambers 133 and 134, Figure 
24 and 34 a), and one way air valves (ball, poppet, fluidic, etc.) 135 and 136, allowing 
airflow from the compression chambers, 131 and 132, into combustion chambers, 
133 and 134, correspondingly. It may also contain special passages that could deliver 

5 gaseous or liquid fuel and/or liquid water directly into combustion c hamb ers, or, 

preferably, into combustion products transfer valve 151. 

- Expander body , 1 70; 

- Separator, 140; 

- Compressor cover, 110; 

10 - Expander cover, 180, which also houses PCM; 

- Two compression chambers, 131 and 132, formed by space between compressor 
body, 130, compressor's Piston 121, separator, 140, and compressor cover, 110; 
Two expander chambers, 171 and 172, formed by space between expander body, 
170, expander's Piston 122, separator, 140, and expander cover, 180; 

15 - A compressor piston 121, - a solid body, or, optionally, a solid body surrounded in a 

part by a liquid; the said compressor piston 121, moves within compressor body and 
separates two combustion chambers. It oscillates around axis of oscillating shaft; 

- An expander piston 122, coaxial to compressor piston 121, - a solid body, or, 
optionally, a solid body surrounded in part by a liquid; the said expander piston 122, 

20 moves within expander body and separates two expansion chambers. It oscillates 

around axis of oscillating shaft synchronously with compressor piston and oscillating 
shaft; 

Oscillating shaft (120) which couples mechanically compressor's pistonl21, and 
expander's piston 122. It may have a spline, which matches groves on the 
25 compressor piston (121) and exhaust piston (122), as well as another spline which 

allows coupling to PCM (300). Alternatively, it could be made as one whole with 
either pistons; 

Combustion products transfer valve 151, which has two channels, 152 and 153, 
allowing combustion chamber space 133 to be connected with expander chamber 
30 171 via channel 152, or combustion chamber space 134 to be connected with 

expander chamber 172, via channel, 153; 

- Exhaust valve 157, allowing already expanded gasses to exhaust into the 
environment or ERS. 
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Shaft 155, which connects valves 151 and 157. It is driven inteimittingly back and 
forth, while compressor and expander pistons are stationary; 

- Fresh air intake valve, 150, which allows fresh air to be inducted into compression 
chambers during intake stroke. This could be substituted with one way valves - ball, 
poppet, fluidic types, etc. 

- Liquid (water) partially ot completely filling channels 152 and 153; 

- Radial bearings, 161, 162, 163 and 164, which hold rotationally shafts 120 and 155; 
[00107] Depending upon position of compression piston 121, the volume of compression 
chambers V 131 and V 132 varies from V Intake , during initial phase of intake stroke, to zero at the end of 
intake stroke. The volumes of compression chambers V 131 and V 132 are complementary in a sense 
thatV l31 +V 132 = V In£abe . 

[00108] Similarly, depending upon position of expansion piston 122, the volume of expansion 
chambers V 171 and V 172 varies from V e^,*, during initial phase of Exhaust stroke, to zero. The 
volumes of expansion chambers V t7t and V 172 are complementary in a sense that V n , + V 172 = 

^Exhaust* 

[00109] It should be noted that V BAsatt to V Intnke ratio, adjustable by shape and/or thickness of the 
compressor's piston 121, and expander's piston 122, could be selected in a such a way that the 
pressure of expanded combustion products at the end of the expansion stroke is close to 
atmospheric. 

Operation 

[00110] We start the description of engine operation in the position where the expander's piston 
122, moves clockwise (Figure 25 d)driven by pressure from the combustion products, expanding 
into expansion chamber 171 from the combustion chamber 133. The combustion products transfer 
valve 151 has channel 152 aligned witb combustion chamber 133 (Figure 25 b) ), allowing 
combustion products into expansion chamber 171 (Figure 25 d) ). 

[00111] At the same time, expander's piston 122, pushes the already expanded gasses out of 
chamber 172, through a channel in exhaust valve 157, which is synchronized with combustion 
products transfer valve 151. 

[00112] Compressor's piston 121, (Figure 25 a) and b) ), moves in the same direction, clockwise, 
because it is mechanically coupled with expander's piston 122. In doing so, it is compressing the air 
located in the compression chamber 132, and inducting ambient air into compression chamber 131. 



WO 2005/071230 



PCT/US2005/000932 



-33- 

Compressed ait within compression chamber 132, enters through the one-way air valve 136, (Figure 
24) into combustion chamber 134. 

[00113] Thus four chambers of engine are undergoing four different strokes: 
Compression chamber 131 - intake stroke; 
Compression chamber 132 - compression stroke; 
Expander chamber 171 - expansion stroke; 
Expander chamber 172 - exhaust stroke. 

[00114] These strokes will be completed when both pistons simultaneously reach their end points 
at full clockwise position. The degree of angular rotation of the pistons is controlled by the PCM - 
to prevent pistons from colliding with walls of compressor and expander. 

[00115] In this position (Figure 26 ), combustion products transfer valve 151, is still located over 
combustion chamber 133. Combustion chamber 134 is closed by the combustion products transfer 
valve, 151, body, while channel 153, is in position over the water injector, 137, and fuel injector (not 
shown, for clarity). Since channel 153, is under atmospheric pressure, as will be understood later, the 
water together with gaseous fuel fills in channel 152. Both water and gaseous fuel could be under 
small pressure. Optionally, c hann el 153, just like channel 152, could be made of more complex, 2- 
chamber shape, so that gaseous fuel and water do not have to mix together. 

[00116] As stated above, both, compressor's piston 121, and expander's piston 122, will become 
stationary at the end of their stroke. At this time: 

- The combustion chamber 134, contains hot pressurized air. Since only fresh air is 
compressed, rather then air/fuel mixture, we can compress it to high compression 
ratio of 15 to 30 or above, which will bring the temperature of air significandy above 
the auto ignition point. 

- The combustion chamber 133, together with expander chamber 171, now contains 
completely expanded gases, since they are both connected through channel 152. The 
expansion is carried to ~ atmospheric pressure. 

- The compression chamber 131 is now filled in with fresh air. 

- The compression chamber 132 is at zero volume now, just like expander chamber 
172. 

[00117] While the compressor's piston 121, and the expander's piston 122, are stationary in this 
extreme right position (Figure 26), valves 151 and 157, driven by the shaft, 155, rotate counter- 
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clockwise until channel 153, matches the opening of combustion chamber 134, as shown in Figure 
26 a). 

[00118] In the course of rotation, the combustion products transfer valve 151, turns 
counterclockwise and exposes the fuel contained in channel 153, to the hot pressurized gasses 
within combustion chamber 134. Spontaneous combustion begins and continues for as long as it 
takes for fuel to complete combustion process. At this time: 

— The combustion chamber 134, contains "very hot, very high pressure combustion 
products. In spite of the fact that channel 153, is lined up with opening from 
combustion chamber 134, gasses can't escape from combustion chamber 134, since 
water contained within channel 153, and expander's piston 122, are blocking the exit 

— As above, the combustion chamber 133, together with expander chamber 171, 
contains completely expanded gases. Now, however, they are not connected to each 
other, since channel 152 is not lined up with combustion chamber 133. The 
expander chamber 171, is connected with ambient air through the hole in exhaust 
valve 157. 

— As above, the compression chamber 131, is filled in with fresh air. 

— As above, the compression chamber 132, and expander chamber 172 are at zero 
volume. 

[00119] After combustion is complete, which could last as long as 10-20 deg or more of PCM shaft 
rotation, both compressor's piston 121, and expander's piston 122, start counterclockwise rotation 
until they reach their extreme left positions, at which moment they pause, until valves 151 and 157 
are rotated clockwise and the whole sequence repeats. As in other designs discussed so far, 
combustion, and therefore expansion, occurs on every swing of the oscillating shaft 120. 

[00120] Implementations of HCCE described above results in the following benefits: 

— Compressing air, rather than air/ fuel mixture, allows for a very high compression 
ratio (15 to 30+). Fuel is introduced separately into the combustion chamber. 

— Optionally injecting water into a compression chamber (131 or 132) during the 
compression stroke lowers the work required to compress the air and brings the 
process closer to isothermal compression. 

— A separate, constant volume combustion chamber allows for isochoric combustion. 
If water is added to the combustion chamber before combustion is complete, then, 
combustion will occur under the condition of reduced volume (due to evaporating 
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water), which is even mote efficient than isochoric combustion. This water also 
lowers the temperature of gases in the combustion chamber, which lowers the 
emission levels of NOx, and allows for lower grade materials that could be used for 
construction of the engine. 
5 - There is additional pressure during expansion, due to steam formed during the 

combustion and expansion processes. 
- Exhaust pressure is low because the expansion volume is larger, 2 to 5 times than the 
intake volume, which is easily accomplished because the expander is separate from 
the compressor. 

10 - Energy Recovery System can be implemented as described herein 

Modifications 

[00121] The engine described above, may have numerous implementations as well. Some of them 
obvious, such as various other shapes and forms of combustion chamber, expansion chamber, 
valves, pistons, etc., which do not change the spirit of the design. For example, it is possible to make 
15 valves rotate in a continuous rather then oscillatory manner. 

[00122] Also, of particular interest may be design shown in Figure 27. In this design compressor's 
piston 121, and expander's piston 122, are located on an oscillating disc rather than on the oscillating 
shaft, as in a previous designs. The details of valves and combustion chambers are not shown in 
significant details in this example, as they could take various forms: stationary or oscillating or 
20 continuously rotating combustion chamber(s) and or valve(s); combustion chambers and valves 
could be one or two or more separate parts, etc. They could also move in the direction 
perpendicular to piston's plane in a reciprocating motion or even in reciprocating and rotary 
motions simultaneously. The same is true for all other designs we are discussing in this patent The 
large internal diameter allows placement of PCM inside this central volume. 

25 Constant Width Piston Design 

[00123] A preferred implementation of HCCE engine is shown in Figure 28 through 33. It is based 
on a (modified) Reuleaux triangle shaped piston, similar to what is used in a Wankel (rotary) engine, 
so it bears certain similarity to it, but it is built on the design objectives outlined in section 
"Generalized Structure of an HCCE Engine" above and, therefore, operates on a different 

30 thermodynamic cycle and different mechanical principle. 

[00124] Referring to Figures 28 and 29, in one embodiment, PGM 100 of the engine includes: 
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- Compressor body 130, which houses combustion chambers 133 and 134, 
compressor's piston 121, and drive shafts 127, and 128. It has, optionally, air intake 
ports 141 and 142 (or air/exhaust valves), and may also contain special channels that 
could deliver gaseous or liquid fuel and/ or liquid water directly into combustion 

5 chambers, when such a chamber is faced with the said channels. The cavity within 

compressor body 130, which houses compressor's piston 121, is defined by 
intersection of two arcs with center at upper drive shaft 127, and lower drive shaft, 
128. The radius of the arc equals large radius of the compressor's piston 121, (see 
below) plus, optionally, very small clearance. The arcs are filleted with a radius equal 

10 to the small radius of the piston (see below) plus, optionally, very small clearance. 

Compressor body 130, contains openings that connect the cavity, which houses 
compressor's piston with cylindrical holes, which house combustion chambers (133 
and 134). 

- Expander body 170, which houses combustion chambers 133 and 134, expander's 
15 piston 122, and drive shafts 127, and 128. It has, optionally, exhausts ports 143 and 

144 (or air/exhaust valves), and may also contain special channels that could deliver 
gaseous or liquid fuel and/or liquid water directly into combustion chambers, when 
such a chamber is faced with the said channels. The cavity within expander body 
170, which houses expander's piston 122, is defined by intersection of two arcs with 

20 center at upper drive shaft 127, and lower drive shaft 128. The radius of the arc 

equals the large radius of the expander's piston 122, (see below) plus, optionally, very 
small clearance. The arcs are filleted with a radius equal to the small radius of the 
piston (see below) plus, optionally, very small clearance. Expander body 170, 
contains openings that connect the cavity, which houses expender's piston, with 

25 cylindrical holes, which house combustion chambers (133 and 134). 

- Separator, 140. It should be noted that compressor body 130, expander body 170, 
and separator 140, could be manufactured as one single body. 

- Compressor cover 110, which may house all or part of PCM (not shown); 

- Expander cover 180, which may house all or part of PCM (not shown); 

30 - Two compression chambers 131 and 132, formed by space between compressor 

body, 130, compressor's piston 121, separator 140, and compressor cover 110; 

- Two expander chambers 171 and 172, formed by space between expander body 170, 
expander's Piston 122, separator, 140, and expander cover, 180; 
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10 



- A compressor piston 121 - a solid body, or, optionally, a solid body surrounded in a 
whole or in part by a liquid; the said compressor piston 121, moves within 
compressor body 130, and separates air cavity into compression chamber 131, and 
compression chamber 132. The outer and preferably inner surfaces of this piston are 
derived as follows: starting with an equilateral triangle, draw three circles of same 
(relatively small) diameter, where each circle is centered at each corner. Draw three 
larger arcs centered at each corner so that the larger arcs are tangential to any given 
pair of small circles. The outside curves of the resulting shape consist of 6 arcs, and 
are the shape of our piston. The resulting shape is similar to a Reuleaux triangle, as is 
used in the Wankel engine, but with rounded apexes. The piston constructed in this 
way has constant width, defined as a chord drawn between opposing large and small 
arcs and passing through the center of these arcs. The internal curved surface of a 
piston may have three gear segments. They are not connected with each other, and in 
the course of piston rotation around the drive shafts, only one segment fully engages 
15 with a gear of one of the drive shafts. Only at the end of compressor's piston travel 

are both drive shafts partially engaged with two gear segments. The motion of this 
piston within the combustion chamber can be described as consecutive rotations 
around two axis defined by the drive shafts. The alternative ways (without gearing 
segments) may include grooves and cams or be similar to the driving means of 
20 Wankel engine. 

- The expander piston 122 is constructed in a similar way as the compressor piston 
described above, except that it is located within the expansion body 170. 

- Upper and lower drive shafts 127 and 128, engage gear segments of both 
compressor's piston 121 and expander's piston 122. In simplest case, when both 

25 pistons move in phase, the pinion gears of drive shafts are synchronous, with each 

other, i.e. mechanically coupled. If pistons move out of phase, as will be explained 
below, gears operating on compressor side of the engine could be driven separately 
from gears operating on expander side. 

- Air intake ports 141 are just windows within compressor body 130, and/ or within 
30 compressor cover 110. 

- Exhaust ports 143 and 144, are just windows -within expander body 170, and/ or 
within expander cover 180. They could be, optionally, connected with ERS. 
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Liquid (water) may partially or completely fill the inner space of compressor's piston 

121, and/or expander's piston 122. 
[00125] Depending upon the position of the compression piston 121, the volume of compression 
chambers V 131 and V l32 varies from V Intake5 during initial phase of intake stroke, to zero at the end of 
intake stroke. The volumes of compression chambers V 131 and V 132 are complementary, i.e., V 131 + 
Vi 32 = Vj^. 

[00126] S imilarly , depending upon the position of the expansion piston 122, the volume of 
expansion chambers V 171 and V 172 varies from during initial phase of Exhaust stroke, to zero. 

The volumes of expansion chambers V 171 and V 172 are complementary, i.e., V 171 + V 172 = Vg^^. 

[00127] It should be noted that, since piston does not have to be cylindrical, VExhaust to VIntake 
ratio, adjustable by size, shape and thickness of the compressor's piston 121, and expander's piston 
122, could be selected in such a way that the pressure of expanded combustion products at the end 
of the expansion stroke is close to atmospheric. 

Operation 

[00128] In spite of a different looking design, this engine operates in a s im ilar manner as the 
engines described previously. The details of the operations follow. 

[00129] We start the description of this engine's operation by looking into the expanders side 
(Figure 29 b)) at the position where the expanders piston 122, is moving clockwise. The expansion 
piston is driven by pressure exerted by combustion products. These products expand into expansion 
chamber 172 from the combustion chamber 134, through the channel connecting the expansion 
chamber with combustion chambers. 

[00130] At the same time, expander's piston 122, pushes the already expanded gasses out of 
chamber 171, through the exhaust port, 144. 

[00131] In the simplest case, both pistons move in phase (their curved surfaces are concentric). 
Therefore the compressor's piston 121, (Figure 29 a)), moves in the same direction as the expander's 
piston (however, since we are looking now into a compressor side, the rotation of the piston is 
counter-clockwise). In doing so, it is compressing the air located in compression chamber 131, and 
inducting air into compression chamber 132. 

[00132] In more complex instances, pistons could move out of phase or even in opposite 
directions, if driven by four coupled shafts. This approach gives more flexibility in designing the 
shape of the combustion chamber as well as the timing of when compression occurs with respect to 
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when expansion occurs. For instance, it is advantageous to start the expansion closer to the end of 
compression stroke, when most of the torque is required and is available. This will alleviate the 
requirements for the flywheel, or even eliminate it all together. 

[00133] Coming back to the in-phase operation of pistons, the foixr chambers of engine are 
5 undergoing four different strokes: 

Compression chamber 131 - compression stroke; 

Compression chamber 132 — intake stroke; 

Expander chamber 171 - exhaust stroke; 

Expander chamber 172 - expansion stroke. 
10 [00134] These strokes will be completed when both pistons simultaneously reach their end points 
of the stroke. The degree of angular rotation of the pistons, in this case, is controlled by the drive 
shaft and gear segments on the pistons instead of by the PCM, as in other designs. In this position 
both upper drive shaft, 127, and lower drive shaft, 128, should momentarily stop. 

[00135] Unlike in our other designs, the combustion chambers, 133, and 134 undergo continuous, 
15 preferably constant speed, rotation. At the end of the stroke, the combustion chamber in which air 
was compressing into should be rotated to the "closed" position, i.e. the combustion chamber cavity 
is disconnected from compression space. In case of in-phase design it is preferable to have at least 
two cavities within each combustion chamber, so when cavity in which air is being compressed into 
is rotated into "closed" position, the second cavity is rotated into "open" position for expander's 
20 piston 122, exposing later to high pressure combustion products. la his scenario, the piston does 
not have to be stationary for any length of time — they just have to swap the axis of rotation and 
keep rotating in the same directional sense. 

[00136] Only one cavity will be needed if out of phase design is used, as there is ample time for the 
cavity to reach expansion chamber, while the expanders piston 122, gets into the end of the stroke 
25 position for this cavity. 

[00137] While combustion chambers, 133 and 134, rotate, they pass through the fuel cavity (not 
shown) within the compressor body, 130, which contains gaseous fuel under low pressure. 
Additional small channels on the combustion chambers, 133 and 134, act as a gas conduit to fill in 
the fuel cavity. Combustion chamber body serves as a shut off valve for the "gas main". 

30 [00138] Hot, due to compression, air is mixed with the gaseous fuel and because its temperature is 
above the auto-ignition temperature of the fuel, spontaneous combustion occurs. Optionally, water 
could be inserted into the combustion chamber (before during or after combustion) by filling in the 
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connecter channel space between the combustion chamber and expansion chamber with water (not 
shown) which would help to reduce momentary losses related to in itia l small opening size between 
combustion chamber and expander body, 170. The losses - in a form of a heat — would be 
converted into additional steam, and this energy will be recovered during the expansion cycle. 

[00139] Rotation of combustion chambers, 133 and 134, takes sufficiendy long for complete 
combustion to occur. After the momentary pause, each piston continues its rotation around 
corresponding drive shaft i.e. if motion before the stop was axound upper drive shaft, 127, it will be 
continued, but this time around lower drive shaft, 128. Note that combustion, and therefore 
expansion, occurs on every "swing" of the pistons. 

[00140] Implementations of HCCE described above results in the following benefits: 

- Compressing air, rather than air/ fuel mixture, allows for a very high compression 
ratio (15 to 30+). Fuel is introduced separately into the combustion chamber. 

- Optionally injecting water into a compression chamber (131 or 132) during the 
compression stroke lowers the work required to compress the air and brings the 
process closer to isothermal compression. 

- A separate, constant volume combustion chamber allows for isochoric combustion. 
If water is added to the combustion chamber before combustion is complete, then, 
combustion will occur under the condition of reduced volume (due to evaporating 
water), which is even more efficient than isochoric combustion. This water also 
lowers the temperature of gases in the combustion chamber, which lowers the 
emission levels of NOx, and allows for lower grade materials that could be used for 
construction of the engine. 

- There is additional pressure during expansion, due to steam formed during the 
combustion and expansion processes. 

- Exhaust pressure is low because the expansion volume is larger, 2 to 5 times than the 
intake volume, which is easily accomplished because the expander is separate from 
the compressor. 

- Energy Recovery System can be implemented as described above. 



Modifications 

[00141] In addition to trivial changes in forms or shape of various elements, there are other 
modifications that may have practical interest There are numerous ways to drive pistons. 
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[00142] Also, of particular interest may be the design shown in Figure 32. Here compressor body, 
130, may have protrusion(s), 111, into compression chamber, shown in Figure 32. -Alternatively, this 
protrusion may be located on compressor cover, 110. This protrusion does not interfere with 
compressor's piston 121, during its course of motion. It could be used to house various additional 
elements), such as, but not limited to: 

o Additional shaft(s) that may go through protrusion to provide independent motion to 

compressor's piston 121, and expander's piston 122; 
o Heat exchanger to remove the heat from the compressor. The water that loay be contained 

in the space between the compressor's piston 121, and protrusion, 111, wo-uld flow through 

such a heat exchanger driven by the motion of the piston; 
o Water pump - similarly to above, but without heat exchanger; 

o A Freon compressor, for air-conditioning system. Freon would fill the space between the 
compressor's piston 121, and protrusion, 111, and would be driven by the motion of the 
piston. Protrusion may be made with fluidic valves that would guarantee one way flow of 
Freon; and 

o An air compressor — similarly to Freon compressor above, but for compression of air. It 
could be used as a stand-alone air compressor or as a turbocharger for pre-compressing the 
air if variable compression ratio is desired. 

[00143] Similarly, expander body, 170, or expander cover, 180, may have a protrusion for the same 
or different purposes as protrusion for compressor body. 

[00144] Another modification relates to a number of ways the drive mechanisrn(s) enable 
rotors/pistons to perpetrate the required motion. Non-circular gearing mechanisins or gear/ cam 
combinations known in industry [3] may be employed to slow down the rotor at tfcie end of the 
stroke and to accelerate it in the beginning of the next stroke. 

[00145] A different embodiment, employing cams only is shown in a Figure 33. In this design, the 
rotor has three cam followers, which ride on the surface of a cam. It is possible to implement the 
positive drive (i.e. position of cam fully defines position of the rotor) with a single, dual or triple 
cams. For a single cam, the cam followers should be located within the equilateral triangle. 

[00146] The rotor, as in previous design may run on a guide bearing or, alternatively, it may run 
without them, in which case the housing of the engine will serve as a guide. There may be many 
other configurations, which utili2e cam and roller arrangements. For instance, the internal surface of 
the rotor could be used as cam, while rollers are mounted on rotating plate or arm. 
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Constant Width Chamber Design t 
[00147] Another embodiment of HCCE, is shown in Fig 36-40. This time, the modified Reuleaux 
triangle is used as engine's body configuration, compression side and expansion side. Figure 38 
demonstrates the geometry of the engine and the piston. The piston is of two-lobe design, were two 

5 arcs equal to small arcs forming the modified Reuleaux triangle, while large arcs are equal to large 
arcs forming the modified Reuleaux triangle. The distance between small arc centers equal to the 
side of equilateral triangle on which the modified Reuleaux triangle is build. The piston is driven by 
the rollers located on the crankshafts, 191. Both crankshafts that drive compressor's piston 121, and 
expander's piston 122, could be mechanically coupled, so that pistons may keep constant 

10 relationship to each other. The piston rotates consecutively around three points forming the basis of 
modified Reuleaux triangle. 

[00148] It should be noted that the expander's piston 122, may have a larger size (larger modified 
Reuleaux triangle) than the compressor's piston 121. This means that if we locate the fixed 
combustion chamber within the corner of separator, 140, and equip it with one-way air valves, and if 

15 expander's piston 122, is 60 degrees out of phase, the said expander's piston would close the exit 
from the said combustion chamber and serve as the valve itself. If one then vises one-way air valves 
in the compressor cover, 110, then only one valve for exhaust should be built 
[00149] Figure 39 shows a modification of this design, in which there are three air/ exhausts valve. 
Note that neither ait intake or exhaust ports are shown on this Figure It should be also noted that 

20 because the intake volume to total engine volume is the highest among the discussed configurations 
so far and because the engine in this configuration will "fire" three times per equivalent revolution 
of output shaft, the power density is expected to be very high. 

[00150] Finally, with respect to this modification, it should be stated that many different 
combinations of Constant Width Piston Configuration with Constant Width Chamber 
25 Configuration are possible and could yield useful properties. 

Scissor Pistons Desigi 

[00151] Finally, we describe and embodiment that enables HCCE to execute the required cycle 
with configuration known in industry as "scissors" or "cat & mouse". 

[00152] The basic idea behind this approach is shown schematically in the Figure 41 . In this 
30 configuration there are two pairs of pistons; each pair consisting of one compressor piston and one 
expander piston, which are mechanically coupled so that pair rotates like one object There is also a 
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separating plate between comptessor side and expander side; this plate contains Combustion 
Chamber cavity. Three independent drive mechanisms drive two pistons pairs and separating plate 
(not shown for clarity). The housing contains fixed intake and exhaust ports and fuel port (none of 
them are shown for clarity). The compressor compresses the air in front of the moving piston while 
simultaneously inducing the air through intake port in the back of the piston. Air is compressed into 
a compression chamber, which is formed by the cavity of separating plate and one of the expander 
pistons and two compressor pistons. (See Figure 42, which describes the sequence of piston 
positions). The fuel is then injected or introduced into it and combustion begins and proceeds to 
completion. Meanwhile the separating plate shifts forward and is now located between one 
compressor piston and two expanders pistons. When combustion is completed under constant 
volume, the expansion cycle begins. 

[00153] It is possible to construct the HCCE to execute the required cycle without the need for a 
standalone rotating combustion chamber with a "single-decker" design (not shown) in which a pair 
of piston moves in "scissor" configuration. The minimum separation between the pistons or cavity 
within one or both pistons forms constant volume combustion chamber. The expansion volume 
could be the same or, preferably larger than intake volume, thus all elements of the cycle are 
implemented. As skilled artisans would appreciate, the drive mechanism for both of these variations 
could be build using planetary non-circular gears or planetary circular gears and cams known in the 
art 

[00154] Some other modifications applicable to many design configurations, or other applications 
of design geometries discussed above are: 

- The system could be built which stacks up several engines together ("multi-cylinder" 
configuration) by adding additional compressors/expanders with corresponding 
pistons. The "cylinders" of such a system could be connected via electromagnetic or 
mechanical clutch and could be turned on/off if more/less power is required; 

— Compressors or pumps could be built on the basis of mechanisms discussed above. 
They could be used in stand alone applications or could be driven by the engine in 
question. One particularly useful configuration of refrigerant compressor could be 
built using the same approach as used in constant width piston design utilizing both 
compressor and expander: compressor would compress a gaseous refrigerant and 
after refrigerant is cooled by external heat exchanger, it would be expanded and 
cooled in the expander — returning significant portion of energy spent on 
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compressing back into the system. Such a system may be particularly applicable for 
carbon dioxide as lot of energy can be extracted during the expansion of this 
refrigerant 

The compressor body 130, and expander body 170, could be made out of one solid 
piece, or alternatively out of, say, low friction ceramic inserts, housed by alu min u m 
frame, compressor's and expander's pistons, theoretically, never even touch 
compressor body 130, or expander body 170, so there is no concerns for cracking 
the ceramics upon the impact 

The design of the engines described above (Le. compressor combustion chamber 
-> expander) may be suitable for conventional rotary type engines, as it helps to 
solve the problem with sealing of apex on a triangular piston employed in such 
engines and may increase power density of such engines. 

Other constant width or quasi constant width configurations could be used for 
engine design, such as n-star piston with (n+l)-star internal gears as the shape for 
compressor and expander bodies (Gerotor). 

Because compressor's piston 121, and expander's piston 122, could run out of phase, 
it is possible to run compressor's piston 121, at twice or triple the speed of 
expander's piston 122. If combustion chamber is equipped with one way air valves 
135 and 136, and volume of combustion chamber space is controlkfcle, by adding 
more or less water into it or by some other means, or if intermediate small air buffer 
is used, it is effectively possible to control the power output (by giving up some of 
the efficiency as condition # 5, section "HCCE Improvements", will not be satisfied), 
by doubling or tripling the intake volume. 

The design can be reversed: Body becomes a modified Reuleaux triangle (what we 
now call a piston) and piston becomes what we now call a body. This is schematically 
shown on Figure 34. It is worthwhile to note that net effect of the movement of 
piston around of stationary body is as if piston would roll around tbutee rollers (#1, 
#2, and #3). In this case Body executes three consecutive rotations around three 
different center point, located at the center of Reuleaux triangle, as indicated on 
Figure 34 b). 

When high temperature super-magnets, which are under development in many 
companies, will become available, the body of piston(s) could carry the imbedded 
super-magnets, see Figure 40. These super-magnets could be coupled directly to 
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electrical generating machine, which will need to have winding to correspond to 
geometry of pistons and/or engine's body. If this is implemented, there will be no 
need in PCM for applications that generate electricity rather then mechanical motion. 
This could prove to be especially useful for micro-engines, which could be used as a 
power source for laptops, mobile phones, etc. This magnetic coupling could be also 
applied to all modifications of HCCE, described herein. 
Briton cycle engines could use the geometry of either Constant Width Piston 
Configuration or Constant Width Chamber Configuration, or both. In this case the 
combustion chamber is completely separate fiom compressor and expander and heat 
exchanger that preheats compressed air before it enters into combustion chamber, 
together with ERS could improve efficiency even further. 

- Standard Wankel engines could use Constant Width Piston Configuration to resolve 
sealing and efficiency problem due to incomplete combustion. 

- Finally, modified Reuleaux triangle geometry may be used in devices other than 
engines, pumps and compressors. For example, a "triangular wheel" that rotates 
around two centers is shown in Figure 35. It is clear, that if vertical gears, attached to 
the frame of the vehicle, are allowed to move with two different speeds, the wheel 
will be moving on horizontal surface with constant speed. The advantage of this 
wheel is that it is equivalent in performance to wheel almost twice its size. At the 
same time on uneven terrains such a wheel will have advanced "all terrain" 
capabilities. 

Additional Issues 

[00155] In order to enable successful implementation of HCCE - it is useful to address a number 
of technical issues relating to combustion dynamics and sealing of the pistons and combustion 
chambers. These issues may arise and be addressed for different embodiments of the engines 
discussed above. 

Combustion Dynamics 

[00156] Fuel introduction, when hot compressed air "meets" stationary fuel can present a 
challenge from combustion dynamics standpoint mixing of air and fuel, located in the wall of the 
housing could require additional time. Since combustion chamber may rotate at high speed at high 
loads, there might not be enough time for the air and fuel to mix properly. Similar problem may 
occur for fuel injection as well To remedy this situation it is possible to premix air and fuel before 
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the compression in the proportion, which will be below the lower limit of flammability of fuel in air. 
The flammability limits are different for different fuels, but for Natural Gas (methane) the 
flammability limits in the air are typically 5-14% by volume. This means that we could pre-mix and 
compress the air fuel mixture containing less than 5% (it is also function of pressure) by volume 
5 without possibility for it to auto-ignite. Additional fuel, above the lower limit of flammability can be 
injected or introduced via means described elsewhere in this patent application as well as 
international application publication number WO 03/074840. 

Pistons/ Rotors Sealing- Fluidic Diode Seal (FDS) 
[00157] Another issue that will need to be addressed is a sealing of oscillating, rotating or recip- 
10 rotating parts, inclu ding the pistons and combustion chambers. A ceramic type sealing used in 

Wankel engines could potentially be used for application in HCCE. In distinction with Wankel, due 
to geometry of HCCE engine, the seals do not necessarily have to be located within the apexes of 
rotors, but could be located in stationary position near intake/ exhaust ports. 

[00158] In addition to this, since rotor of HCCE, based on modified Reuleaux geometry, actually 
15 never has to touch the housing, a very small gap - on the order of 0.001" - can be allowed between 
the rotor and housing. The leakage associated with this gap will be small, especially at high engine 
RPM. In this approach we may not need a seal at all. 

[00159] Finally, even this small leakage can be significandy reduced by applying a fluidic diode 
concept for sealing purposes. Testa diode or any other suitable configuration fluidic diode can be 
20 used for this purpose. Fluidic diodes as they are currently used in practice are stationary channels of 
special shape which create a significant pressure drop for fluid flowing in one direction, while having 
very small pressure drop when fluid is flowing in opposite direction. The ratio of pressure drop 
when fluid flows in one direction to a pressure drop when fluid flows in opposite direction, called 
fluidic diode's "diodicity", can reach the level of 5 to 10. 

25 [00160] As shown in Figure 43 a) and b), prior art fluidic diodes are formed by making a channel 
made of one smooth wall surface, while other wall has a shape or a feature that creates high pressure 
local area, but only when fluid flows in one direction. Figure 43 a) demonstrate conditions when th.e 
resistance to follow is minimal while in Figure 43b) the resistance is large due to the local dynamics 
of the flow. 

30 [00161] We will now apply the concept of fluidic diode to reduce the leakage between two bodies 
having a channel formed by the small gap between them. If two bodies are in collinear motion with 
respect to each other, as shown in Figure 43 c - e) and one or both of these bodies have features 
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that create locally high pressure for flow moving in one direction (leakage flow), such a feature 
would act as a dynamic seal with potential to decrease die leakage 5 to 10 times. 

[00162] Furthermore the Fluidic Diode Seal (FDS) concept can be improved even further if 
channels of fluidic diodes are filled with liquid flowing through die fluidic diode in the direction 

5 approximately perpendicular to the relative motion of two bodies being sealed. Shown in Figure 44 
are two examples of fluidic diode seals, which could be, optionally, filled with liquid. The choice of 
liquid should be dictated by the system in which seal being used. For example in engines described 
in this application, the natural choice would be to use water as a sealing liquid. Another example 
would be to use refrigerant fluid in the application where Reuleaux triangle shaped piston is used as 

10 a refrigerant compressor; the FDS can be applied to both curved and flat surfaces of such a rotor. 
Still another example would be to use engine's oil to implement a FDS as a replacement for ring 
seals currently used on all pistons in the ICE's - such a seal would not only function as a gas seal but 
also will lubricate cylinders, reducing the friction between cylinder and piston, and enhance cooling 
of the piston and cylinder. 

15 [00163] Figure 45 demonstrates various examples of FDS that could be used to seal gases in the 
rotating combustion chamber for the engines described in this application. 

[00164] The invention may be embodied in other specific forms without departing from the spirit 
of essential characteristics thereof. The foregoing embodiments are therefore to be considered in all 
respects illustrative rather than limiting on the invention described herein. The scope of the 
20 invention is thus indicated by the appended claims rather than by the foregoing description, and all 
changes that come within the meaning and range of equivalency of the claims are intended to be 
embraced therein. 



